INTRODUCTION
The importance of assessing future earthquake losses in California has become even more apparent with the occurrence of the Loma Prieta, California, earthquake in 1989. The estimation of earthquake losses serves a number of needs. Loss estimation can (1) serve as a guide to disaster mitigation in outlining the portions of the state that may experience catastrophic losses in the future; (2) help in establishing the expected catastrophe potential and the average annual loss for economic planning and insurance purposes; and (3) serve as an additional tool in land-use planning.
A number of studies of dwelling losses in California have been published (for example, Algermissen and others, 1970; Algermissen and Steinbrugge, 1978; Steinbrugge and others, 1981; Algermissen and Steinbrugge, 1984; Steinbrugge and Algermissen, 1990). Changing and improved methods of analysis, an improved understanding of the spatial distribution of ground shaking and its effects on the ever-changing numbers of housing units and their value all provide impetus for this study.
Methods used in this paper rely on monetary losses derived from Modified Mercalli intensity evaluations. These methods become necessary when actual loss experience is not available.
OBJECTIVES
The principal objective is to provide estimates of losses to one-to-four family dwellings in California using a variety of techniques. We shall present, in particular:
1. Probabilistic assessment of maximum losses for periods of interest of 10, 50, and 250 years.
2. Average annual losses based on a simulation of the effects of 100 years of historical earthquakes having maximum Modified Mercalli intensities of VII or greater that have occurred from 1890 through 1989.
MATERIALS USED
The principal data used in the assessment of the losses by the various methods were:
1. U.S. Census data for 1980 updated to July 1, 1988 , to obtain the numbers of housing units.
Modified Mercalli Intensity (MMI) Data
Vulnerability, the relationship between building damage and earthquake shaking as used in this study, may be related to Modified Mercalli intensity. Intensity data for the 53 earthquakes listed in Table 1 that occurred in California from April 18, 1906 through November 8, 1980 were used. The total number of intensity observations available for"the 53 earthquakes is 7307 ( fig. 1 ). The intensity data were used in the following two ways: (1) To obtain mean curves of intensity attenuation with distance; and (2) to establish the approximate magnitude of the site response in each of the Census subdivisions for which estimates of earthquake losses were attempted.
Regression of the intensity data to obtain mean curves of intensity attenuation were undertaken using a relationship of the form I -f(I0 ,r,h)
where I is the intensity at any distance, Io is the intercept of the mean attenuation function on the intensity axis (Arnold, 1990), r is the distance from the "energy center" on the surface to the point of observation of the intensity I, and h is the fixed average hypocentral depth of the earthquake. Arnold (1990) has shown that Io is closely related to the magnitude of the earthquakes .
In practice the earthquake data were organized into three spatial groups to obtain mean attenuation curves for three geographical areas in California ( fig. 2 ). The equations for attenuation of intensity in the three geographical areas of California outlined in Figure 2 are given in Table 2 . Figure 3 shows a typical regression of intensity data with distance for earthquakes in northern California. The deviation of individual intensity observations from the mean curve is called an intensity residual (AI) and is taken to represent the contribution of the site geology to the ground shaking (the site response).
The 7307 intensity observations from the 53 earthquakes selected were observed at 21 H6 locations (fig. 1) ; and, consequently, there was more than one intensity observation available at many sites. For each intensity observation Iobg and each average intensity (I ave ) computed at the same point the quantity AI = I obs " I ave ŵ as computed. In practice, the maximum number of intensity observations at any one site was 23. One thousand three-hundred thirty-six (1336) sites had more than one observed intensity, and the average number of intensity observations per site was 3.^. Table 3 shows the distribution of intensity observations with Census tracts. At every site where more than one intensity observation existed, the mean site response Alm was calculated AIm = A!T + Al 2+---+AI n (3) n The Alm 's were then taken to represent the site response. The AIm 's were associated with each Census tract in the following way. Each tract, or in the case of untracted counties, each Census Civil Division (CCD), was considered individually. The distances from the center of population of the tract to the location of each measured AI were computed and the closest measured AI was assigned to that tract or CCD. Table H shows the distribution of the distance from tract center to closest observational site. The unweighted mean distance from tract to observation is 2.82 km even though there are about 100 tracts over 10 km from their corresponding observations. These latter are all associated with regions of low population density.
ESTIMATION OF LOSSES
Two types of loss estimation were undertaken: (1) Deterministic (scenario) estimates for individual earthquakes, and (2) probabilistic loss estimates.
Deterministic (Scenario) Loss Estimates
The objective of the calculation of loss estimates by simulating losses associated with individual earthquakes is to obtain an estimate of the average annual loss associated with earthquakes in California. For this purpose, the effects of the actual earthquakes occurring in California with maximum Modified Mercalli intensities of VII and greater from 1890 through 1989 were simulated (table 5). Figure 4 shows a schematic of the elements of deterministic and probabilistic loss assessment. In this study, the numbers and values (the inventory) of one-to-four family dwellings were obtained from the U.S. Census data as already discussed. Three different vulnerability relationships were used: (1) a vulnerability relationship developed by K.V. Steinbrugge (Algermissen and others, 1990) slightly modified to exclude mean damage at intensity VI; (2) a vulnerability relationship developed by the Applied Technology Council (1985); and (3) a proprietary relationship developed by one of the authors (KVS).
Vulnerability relationships (1) and (2) are shown in Table 6 . The Modified Mercalli intensity I at the center of population of any Census tract a distance r from the earthquake is estimated by I -f (I0 ,r,h) + AI W where AI is the site response at the center of population of the Census tract of interest. The estimate of Io is derived from magnitude using a relation derived by Arnold (1990) . The scenario losses are presented in Table 7 .
Probabilistic Loss Estimates
Probabilistic loss estimates were developed applying the model used for the estimation of ground acceleration and velocity shaking in the United States (Algermissen and others, 1990). Figure 5 illustrates the elements of the model. All sources of earthquakes are delineated into seismic source zones (shown as rectangles in part A of Figure 5 ), or as line sources (faults). The sources of earthquakes are delineated on the bases of historical seismicity and geological structure. For each source zone, the magnitude distribution of earthquakes is determined using the well-known Gutenberg-Richter relationship log Nm = a -bM where N is the number of earthquakes with magnitudes greater than M, M is magnitude, and a and b are constants to be determined (see Bj, Figure 5 ). The entire computational process is similar to the estimation of probabilistic ground motion except that percent loss is estimated instead of some ground-motion parameter, such as peak acceleration, velocity, etc. In part B2 of Figure 5 , attenuation of any ground-motion parameter to be calculated in hazard analysis (such as peak acceleration, velocity, etc.) is replaced by the attenuation of percent loss away from the earthquake. We have done this by using relationships developed for intensity (equation M) to obtain the intensity at the center of population of every Census tract. The intensity in each Census tract is then convolved with the vulnerability relationships listed in Table 6 to produce an attenuation of percent loss such as shown in 82 of Figure 5 .
The cumulative distribution function (F(l)) of percent loss (part C of Figure 5 ) is then developed. Assuming a Poisson distribution of earthquake occurrence in time, the maximum expected percent loss in various time periods of interest (T, 2T, 4T, etc.; part D of Figure 5 ) at some level of nonexceedance can be computed. ' In this study, maximum expected percent losses in each Census tract were converted to maximum expected dollar losses for each Census tract using the number of dwellings and their value in each tract. Maximum expected losses were estimated for 10, 50, and 250 year periods of interest (exposure times T) for a 90 percent chance of nonexceedance (10 percent chance of exceedance) in the time periods of interest. For an"extreme probability (5) where <J> is the mean rate of occurrence of earthquakes M£Mmi n per year, and t is the number of years in a period of interest (exposure time). The return period of a particular percent loss can be defined as
where R(L) is the average number of earthquakes that must occur to obtain a percent loss exceeding 1. The return period in years is given approximately by
Expected number of events per year (M£M . )
J mm
From (6) and (7) we obtain From (5) and (8) we obtain
which relates extreme probability, exposure time, and return period. For example, for a loss which has an extreme probability of 0.90 for an exposure time of 10 years, the corresponding return period is (10) Ry (L) = 94.9 years Thus, the average return period for a 0.90 extreme probability maximum percent loss in a period of interest (exposure time) of 10 years is about 95 years. Similarly, for the same extreme probability, .90, or a 90 percent chance the maximum loss will not be exceeded, periods of time of interest (exposure times) of 50 and 250 years yield average return periods of W.4 and 2371.9 years.
LOSS CALCULATIONS
Using a 100-year record of earthquakes in California with maximum Modified Mercalli intensities of VII or greater (Table 5) produces the simulated losses shown in Table 7 . The counties are ranked in descending order of estimated losses using the USGS (Steinbrugge, 1986) vulnerability relationship, the Applied Technology Council (1986) vulnerability, and a proprietory vulnerability relationship. Table 7 also shows the maximum single loss for each county, using the three vulnerability relationships discussed.
Maximum expected losses by county and aggregated for the whole state for periods of interest of 10, 50, and 250 years (corresponding to average return periods of 94.9, 474.4, and 2371.9 years) are shown in Tables 8 through 10 . Maximum expected losses have been computed using both the USGS vulnerability and the Applied Technology Council vulnerability as explained above. Table 7 provides an interesting comparison of simulated losses using three different vulnerability relationships, but calculated using the same 100-year record of damaging earthquakes in California. The 100-year simulated losses for the entire state vary by about a factor of about two depending upon the vulnerability relationship used. This variability in estimates shows that more data are required to construct vulnerability functions and/or techniques for measuring losses. Improvement of this type of variability can only be reduced by further analyses of actual losses during earthquakes (see, for example, Steinbrugge and Algermissen, 1990).
DISCUSSION OF RESULTS
The largest simulated losses occur in Los Angeles County. Losses in other counties fall by almost a factor of ten from those in Los Angeles County. This commanding lead in estimated losses is to some extent related to the size of Los Angeles County. For example, the nine San Francisco Bay area counties (San Francisco, Alameda, Contra Costa, Marin, Napa, San Mateo, Santa Clara, Solano, and Sonoma Counties) have an aggregated loss of $21.9 billion or about 58 percent of the Los Angeles County losses in the same time period.
At any rate, the annual losses of $77 to $140 billions estimated using the 100-year historical record of damaging earthquakes in California provides a basis both for planning and for judging the uncertainties introduced by various estimates of the vulnerabilities involved.
The probabilistic maximum losses computed for each county for 10, 50, and 250 year periods of interest (average return periods of 94.9, 474.4, and 2371.9 years) provides a guide to the maximum losses likely to be experienced in the time periods given. The 250 year estimates probably represent a useful planning tool for the estimation of long-term earthquake catastrophe potential in California. 30N  60N  60N  60N  OON  20N  3 ON  70N  OON  90N  SON  90N  OON  ION  ION  ION  ION  ION  OOM  OON  ION  OON  20N  30N  30N  40N  30N  OON  3 ON  90N  40N  OON  OON  70N  20N  70N  70N  70N  SON  90N  90N  70N  90N   118  118  116  115  115  119  120  122  116  121  121  116  119  118  113  113  116  115  115  118  116  116  120  121  121  115  115  120  115  115  119  119  118  118  118  118  118  118  118  119  116  121  121  122  115  122  115  120  121  121  117  121  121  116 * Indicates earthquakes for which a finite fault was simulated. Percent replacement cost for a dwelling experiencing the Modified Mercalli (MM) intensity indicated. The percent replacement cost of a dwelling is taken to mean the percentage of the total cash value of a dwelling required to fully repair, in kind, any one-to-four family dwelling. Table 7 . Simulated losses, TOO year earthquake history in California, using the earthquakes listed in Table 2 .
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Distance in kilometers Figure 5 . Elements of the probabilistic seismic risk (loss) assessment process. The model (and its description) is the same as for probabilistic hazard assessment with the exception that the quantity mapped is "percent loss." Percent loss is obtained by substituting the attenuation of-percent loss with distance for the attenuation of intensity with distance. Thus, the maximum expected loss in various time periods of interest (T, 2T, 4T, etc.) at some level of nonexceedance is obtained (part D of figure) . See text for further explanation.
